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Abstract
Sparse code multiple access (SCMA) has been recently proposed for the future wireless networks,
which allows non-orthogonal spectrum resource sharing and enables system overloading. In this paper,
we apply SCMA into device-to-device (D2D) communication and cellular hybrid network, targeting
at using the overload feature of SCMA to support massive device connectivity and expand network
capacity. Particularly, we develop a stochastic geometry based framework to model and analyze SCMA,
considering underlaid and overlaid mode. Based on the results, we analytically compare SCMA with
orthogonal frequency-division multiple access (OFDMA) using area spectral efficiency (ASE) and
quantify closed-form ASE gain of SCMA over OFDMA. Notably, it is shown that system ASE can
be significantly improved using SCMA and the ASE gain scales linearly with the SCMA codeword
dimension. Besides, we endow D2D users with an activated probability to balance cross-tier interference
in the underlaid mode and derive the optimal activated probability. Meanwhile, we study resource
allocation in the overlaid mode and obtain the optimal codebook allocation rule. It is interestingly
found that the optimal SCMA codebook allocation rule is independent of cellular network parameters
when cellular users are densely deployed. The results are helpful in the implementation of SCMA in
the hybrid system.
I. INTRODUCTION
The fifth generation (5G) wireless networks are expected to be a mixture of network archi-
tectures with a number of ambitious goals, including exploding mobile data volume (1000×
2improvement over 2010 by 2020 [1]) and massive connected devices (around 50 billion by 2020
[2]), etc. Device-to-device (D2D) communication and cellular hybrid network is a promising
architecture to achieve these goals [3]. In particular, due to the proximity feature of D2D com-
munication devices, spatial resources can be effectively exploited, thereby improving spectrum
utilization and network capacity. Moreover, since direct local transmission is enabled to bypass
the cellular base station (BS), considerable traffic can be offloaded from BSs. Hence, huge
number of devices can be simultaneously supported.
The coexistence of cellular network and D2D network can be generally categorized into
underlaid mode and overlaid mode [4]–[7]. In the underlaid mode, cellular users and D2D users
simultaneously transmit data over the same resources (e.g., spectrum resources). In consequence,
cross-tier interference exists between cellular users and D2D users. In order to combat the over-
whelming interference, efficient resource sharing and interference management mechanisms have
been proposed in [8], [9] such that the benefits of proximity transmissions can be fully exploited.
In terms of the overlaid mode, orthogonal resources are partially allocated to cellular users
and D2D users, respectively [10], [11]. Since only co-tier interference exists, the performance
degradation caused by interference can be more readily handled. Nevertheless, it is crucial to
wisely implement resource allocation in order to better utilize the available resources. In [11],
authors show that, even in the overlaid case, D2D communication can significantly improve the
per-user average rate through carefully tuning frequency allocation for D2D pairs.
In both coexisting modes, efficient multiple access methods should be applied in order to
support more cellular users and D2D users. One of the most prevalent methods is orthogonal
frequency-division multiple access (OFDMA) [12]. Using OFDMA, orthogonal subcarriers or
OFDMA tones1 are allocated to individual users so as to mitigate the interference over one tone.
In order to improve spectrum reuse, D2D users can be underlaid with cellular network, i.e.,
OFDMA tones are reused by cellular users and D2D users. Accordingly, cross-tier interference
is introduced between cellular users and D2D users, especially when users are densely distributed.
1In the following, we use OFDMA tones to replace OFDMA orthogonal resources.
3To avoid the mutual interference and improve the quality of service (QoS) of individual users,
it is preferable to use the overlaid mode, where OFDMA tones are separately allocated to
cellular users and D2D users. However, due to the scarcity of spectrum resources, limited
OFDMA tones are available such that the number of users that can be simultaneously served is
critically restricted. Therefore, it is challenging to admit more users over the limited spectrum
resources. Recently, sparse code multiple access (SCMA) has been proposed for 5G wireless
networks, which has the potential to enable massive connectivity by allowing non-orthogonal
spectrum resource sharing [13]. Since users occupying the same OFDMA resources can be
distinguished using different SCMA constellations, more orthogonal resources, i.e., codebooks,
can be provided by SCMA compared to OFDMA. As a result, overloading2 gain can be yielded
by SCMA. Besides, depending on the resource allocation rule, the number of users occupying
the same codebooks will be decreased as more orthogonal resources are to be shared. Hence,
the interference over one codebook could be mitigated, thereby boosting the performance of
individual users. For these reasons, it is intuitively more suitable for SCMA to be applied in the
D2D and cellular hybrid network, especially when communication devices are densely deployed.
However, since SCMA codewords are spread to multiple OFDMA tones [14], great difficulty has
been encountered in analytically characterizing the interference statistics of cellular users and
D2D users. Thus, the benefits of SCMA in enhancing the hybrid network performance remain to
be explored. Worsestill, as overloading gain can only be achieved when codebooks are uniquely
occupied by individual users, it is doubtful whether the overloading gain can also be achieved
when codebook reuse is enabled.
Motivated by the above discussion, we consider a D2D and cellular hybrid network, where
SCMA is employed by both uplink cellular transmissions and D2D transmissions. Using stochas-
tic geometry, we present a tractable model to evaluate the performance of cellular network and
D2D network by characterizing the signal-to-interference ratio (SIR) statistics of a typical cellular
2Overloading can be achieved when the number of available SCMA layers is greater than the number of OFDMA tones.
For instance, using typical SCMA setting, 6 SCMA layers can be multiplexed over 4 OFDMA tones. Therefore, system can be
overloaded by admitting more users. As will be discussed later, each SCMA layer is assigned with one SCMA codebook.
4uplink and a typical D2D link. Moreover, the potential of SCMA in supporting more active users
and enhancing spectrum utilization has been investigated using area spectral efficiency (ASE).
The main contributions and outcomes of this paper are summarized as follows:
• Analytical Framework: To our best knowledge, no previous work has investigated the
performance of SCMA in large scale networks. To fill in the gap, we have developed an
analytical framework for the design and analysis of SCMA enhanced D2D and cellular
hybrid network. The framework could capture the impact of important parameters on the
performance of the hybrid network, including user spatial distributions, wireless channel
propagation model, D2D mode selection rule and SCMA parameters, etc.
• SCMA VS OFDMA: Based on the analytical framework, closed-form expressions of
approximate system ASE are derived in the D2D underlaid/overlaid cellular network. Fur-
thermore, we compare the performance of SCMA with OFDMA, in the underlaid mode. In
particular, we quantify the gain of SCMA over OFDMA, termed ASE gain. Through the
comparison of ASE gain with overloading gain, it is numerically shown that the overloading
gain can be almost achieved even when codebook reuse is allowed.
• System Design Guidance: In the underlaid mode, we enable D2D transmitters to use an
activated probability to control the generated cross-tier interference to cellular users. The
optimal activated probability is obtained such that proportional fairness utility function is
maximized. In the overlaid mode, we study SCMA codebook allocation for cellular network
and D2D network. Specifically, we find out the optimal codebook allocation rule when
cellular users are densely deployed, in order to maximize the proportional fairness utility
function. The results can serve as a guideline for the efficient design of SCMA mechanisms
and resource allocation in the D2D and cellular hybrid network.
The remainder of this paper is organized as follows. We first present the system model and
performance metrics in Section II. Performance analysis of D2D underlaid cellular network is
then presented in Section III, where comparison between OFDMA and SCMA is made. In Section
IV, we evaluate the performance of SCMA in the D2D overlaid cellular network. Numerical
results are given in Section V and conclusions are provided in Section VI.
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Figure 1. Illustration of a D2D hybrid cellular network. D2D users select cellular mode for data transmission when potential
D2D link length is too large. Meanwhile, D2D links are activated with a probability qD to control interference to cellular users
in the underlaid mode.
II. SYSTEM MODEL
A. Network Model
We consider a D2D and cellular hybrid network (see Fig. 1), consisting of cellular uplinks
and unidirectional D2D links. Stochastic geometry model is used to characterize the locations
of BSs and users in the hybrid network [8], [15], [16]. In particular, cellular BSs are assumed to
be spatially distributed over the infinite two-dimensional plane R2, according to a homogeneous
Poisson Point Process (HPPP) ΠBS = {BSi} (i ∈ N) with intensities λBS. The locations of
uplink cellular users and D2D transmitters are also modeled using HPPPs ΠU = {Uj} and
ΠD = {DTk} (j, k ∈ N) with intensity λU and λD, respectively, and constant transmit power PU
and PD, respectively. The cellular user Uj is associated with the geographically closest BS, the
distance between which is denoted by rU,j . The D2D transmitter DTk connects to an intended
D2D receiver DRk with isotropic direction at distance rD,k away. Similarly with [6], [17], we
assume that rD,k follows the Rayleigh distribution with probability density function (PDF) given
by
frD,k (x) = 2piξx exp
(−ξpix2) , x ≥ 0. (1)
6According to (1), rD,k can be very large, which, however, makes D2D transmission lose its
proximity merit. Therefore, for practical concerns, we introduce a distance based mode selection
rule for D2D users [6], [18]. Specifically, DTk is allowed to use D2D mode only when rD,k is
smaller than a distance threshold τdis. Otherwise, DTk uses cellular mode with transmit power
PU by connecting to the nearest BS. Thus, τdis serves as a tunable parameter to control the traffic
load from D2D network to cellular network. According to this rule, a new Poisson Point Process
(PPP) ΠUT = {Uj} is formed by uplink cellular users and cellular mode D2D transmitters with
intensity λUT = λU + λDP (rD,k > τdis). Meanwhile, transmitters selecting D2D mode form a
PPP ΠDT = {DTk} with intensity λDT = λDP (rD,k ≤ τdis). Besides, we consider that uplink
cellular users and D2D transmitters always have data to transmit.
In terms of the coexistence of cellular network and D2D network, underlaid mode and overlaid
mode are taken into account. In the underlaid mode, all available resources are universally reused
by cellular users and D2D users. Consequently, cross-tier interference is introduced between
cellular users and D2D users. In contrast, resources are partially allocated to cellular users and
D2D users, respectively, such that only co-tier interference exists.
We evaluate the performance of a typical cellular uplink and a typical D2D link. U0 (DT0)
and BS0 (DR0) are the associated transmitter and receiver of the typical cellular (D2D) link,
respectively. According to Slivnyak’s Theorem [19], the performance of typical links can be
used to evaluate the performance of the other links.
B. Channel Model
Consider that channel gain consists of a path loss component with the path loss exponent
α (α > 2) and a distance-independent small-scale fading component. Besides, we use inde-
pendently and identically distributed (i.i.d.) Rayleigh fading, i.e., h ∼ CN (0, 1), to model the
small-scale fading.
C. Multiple Access Schemes
We consider OFDMA and SCMA as two multiple access schemes for cellular users and D2D
users in the hybrid network. OFDMA is a typical and most widely used multiple access scheme in
7wireless networks, especially for the uplink transmission in cellular networks. Moreover, SCMA
is designed based on OFDMA. Therefore, it is straightforward and convincing to take OFDMA
as a benchmark to demonstrate the advantage of SCMA. In order to facilitate the comparison,
we only consider the underlaid case when considering OFDMA. In the following, we describe
how to implement the two schemes.
1) OFDMA. For cellular transmission, each cellular user in one cell is randomly and inde-
pendently assigned with one of K OFDMA tones, which are orthogonal in time and frequency.
Meanwhile, OFDMA tones can be reused by BSs of different cells. In consequence, only inter-
cell interference exists, while no intra-cell interference exists. According to this allocation rule,
when the number of cellular users within a cell is larger than that of OFDMA tones, randomly
selected K cellular users are activated and the remaining users are kept inactive due to the
unavailability of OFDMA resources. For D2D transmission, each D2D pair is also randomly
and independently allocated with one OFDMA tone. Since the same OFDMA tones are reused
by cellular users and D2D users, mutual interference is introduced.
We denote xOUi and x
O
DTj
as the data symbols sent from Ui and DTj , respectively. Accordingly,
the received signal at BS0 can be expressed as
yOBS0 =
√
PUhBS0,U0x
O
U0
+
∑
Ui∈Π˜OUT
√
PUhBS0,Uix
O
Ui
+
∑
DTj∈ΠODT
√
PDhBS0,DTjx
O
DTj
+ n0, (2)
where ΠODT denotes the set of active D2D transmitters using the same OFDMA tone with U0.
Π˜OUT = Π
O
UT\ {U0}, where ΠOUT is the set of active cellular users using the same OFDMA tone
with U0. In the following, hY,X denotes the channel from X to Y. n0 is the additive Gaussian
noise.
Similarly, the received signal at DR0 using OFDMA can be expressed as
yODR0 =
√
PDhDR0,DT0x
O
DT0
+
∑
DTj∈Π˜ODT
√
PDhDR0,DTjx
O
DTj
+
∑
Ui∈ΠOUT
√
PUhDR0,Uix
O
Ui
+ n0, (3)
where Π˜ODT = ΠODT\ {DT0}.
2) SCMA. An SCMA encoder is defined as a function, which maps a binary stream of
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Figure 2. An exemplary mapping between SCMA layers and OFDMA tones.
log2 (M) bits to a K-dimensional complex codebook of size M [13]. The K-dimensional com-
plex codewords of each codebook are sparse vectors with NC (2 ≤ NC < K) non-zero entries.
Using SCMA, each SCMA layer is assigned with a codebook and users’ data is transmitted using
the codeword from the codebook over K OFDMA tones. An exemplary mapping relationship
between SCMA layers and OFDMA tones is illustrated in Fig. 2. Therefore, multiple access is
achieved by sharing the same time-frequency resources among the SCMA layers. According to
[13], the maximum number of codebooks J is a function of the codeword length K and the
number of non-zero elements in the codeword NC. The generation of codebooks is equivalent
to selecting NC positions out of K elements. Hence, J = CNCK . As a result, the received signal
after layer multiplexing can be obtained as y =
∑J
j=1
√
PUdiag (hj)xj + n0, where xj is the
K × 1 SCMA codeword of the layer j, hj is the K × 1 channel vector of layer j and n0 is the
vector of additive Gaussian noise. diag (·) is defined as the operation, which turns a vector into
a matrix by putting the vector on the main diagonal of the matrix.
Due to the sparsity of SCMA codewords, multi-user detection based on message passing
algorithm (MPA) can be implemented at the SCMA receiver with low complexity [20]. Using
ideal MPA receiver, codewords from different layers can be decoded without interfering with
each other. Therefore, the codebooks allocated to different layers can be considered as orthogonal
resources. Consequently, interference occurs only when the same layer or equivalently the same
codebook is reused by more than one user. Since J layers can be multiplexed over K resources,
we further define the SCMA overloading factor as
ηoverload =
J
K
. (4)
9For cellular transmission, each BS randomly and independently selects one of the available
codebooks to serve one connected cellular user. Similarly, if the number of the connected cellular
users at a BS is larger than that of the available codebooks, randomly selected J cellular users
are kept active. For D2D transmission, each D2D pair is randomly and independently allocated
with one codebook to transmit with.
We consider two coexisting modes, i.e., underlaid mode and overlaid mode. Let xSUi,m and
xSDTi,m denote the SCMA codewords sent by Ui and DTj , respectively, over the mth OFDMA
tone. Then, the received signal at BS0 is given by
ySBS0 =
√
P †UgBS0,U0x
S
U0,m
+
∑
Ui∈Π˜SUT
√
P †UgBS0,Uix
S
Ui,m
+1U
∑
DTj∈ΠSDT
√
P †DgBS0,DTjx
S
DTj ,m
+n0, (5)
where gBS0,Ui =
NC∑
m=1
hBS0,Ui,m, gBS0,DTj =
NC∑
m=1
hBS0,DTj ,m and hY,X,m denotes the channel from
X to Y over the mth OFDMA tone. 1U is the indicator function, which equals 1 in the underlaid
mode and 0 in the overlaid mode. P †U = PUNC and P
†
D =
PD
NC
, since transmit power is assumed to
be uniformly allocated over NC OFDMA tones. ΠSDT denotes the set of active D2D transmitters,
which use the same codebook with BS0. Π˜SUT = ΠSUT\ {U0}, where ΠSUT denotes the set of
active cellular users using the same codebook with U0.
Similarly, the received signal at DR0 can be expressed as
ySDR0 =
√
P †DgDR0,DT0x
S
DT0,m
+
∑
DTj∈Π˜SDT
√
P †DgDR0,DTjx
S
DTj ,m
+1U
∑
Ui∈ΠSUT
√
P †UgDR0,Uix
S
Ui,m
+n0,
(6)
where gDR0,DTj =
NC∑
m=1
hDR0,DTj ,m, gDR0,Ui =
NC∑
m=1
hDR0,Ui,m and Π˜SDT = ΠSDT\ {DT0}.
D. Performance Metrics
We use ASE [bits/ (s ·Hz ·m2)] to evaluate the performance of the D2D and cellular hybrid
network [21]. Specifically, ASE of the cellular network is defined as
AC = qUλUTP {SIRBS0 > τBS} log (1 + τBS) , (7)
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where qU is the access probability of cellular users, SIRBS0 is the SIR at BS0 and τBS is the
corresponding SIR threshold. Likewise, ASE of the D2D network is defined as
AD = qDλDTP {SIRDR0 > τDR} log (1 + τDR) , (8)
where qD is the activated probability of D2D transmitters, SIRDR0 is the SIR at DR0 and τDR
is the corresponding SIR threshold. Note that the effect of noise is ignored in the interference-
limited network.
In the following, F (·) and f (·) denote the cumulative distribution function (CDF) and PDF,
respectively. Meanwhile, the notations used throughout this paper are summarized in Table I.
III. D2D UNDERLAID CELLULAR NETWORK
In this section, we first compare the performance of OFDMA and SCMA in the underlaid
mode through ASE. Afterward, we endow D2D users with an activated probability to balance the
cross-tier interference and search for the optimal activated probability of D2D users to maximize
the utility function defined based on proportional fairness.
A. OFDMA VS SCMA
In this part, we investigate the performance of OFDMA and SCMA. To this end, we first
determine the access probability of cellular users, which is defined as the probability that a BS
uses available orthogonal resources (OFDMA tones or SCMA codebooks) to serve its associated
cellular users, according to the following lemma.
Lemma 1. The probability that a BS allocates one orthogonal resource to one of the associated
cellular users is given by
qU = 1−
∞∑
m=NR+1
m− 1
m
P {NU = m} , (9)
where NR is the number of available resources and NU is the number of cellular users served
by the BS.
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Table I
SUMMARY OF NOTATIONS
Symbol Meaning Symbol Meaning
BSi, Uj ith BS, jth uplink user yODR0 , y
S
DR0
received signals at DR0
DTm mth D2D transmitter using OFDMA and SCMA
DRn nth D2D receiver P †U P
†
U =
PU
NC
ΠBS ΠBS = {BSi} P †D P †D = PDNC
ΠU uplink cellular users set ηP ηP = PDPU
ΠUT
set of ΠU and D2D
ΠOUT, Π
O
DT
sets of active cellular users
users in cellular mode and D2D transmitters
ΠD D2D transmitters set over OFDMA tone
ΠDT
set of D2D users Π˜OUT Π˜OUT = ΠOUT\ {U0}
in D2D mode Π˜ODT Π˜ODT = ΠODT\ {DT0}
λBS intensity of ΠBS
ΠSUT, Π
S
DT
set of active cellular users
λU, λUT intensities of ΠU and ΠUT and D2D transmitters
λD, λDT intensities of ΠD and ΠDT using one SCMA codebook
PU, PD transmit power of Ui and DTm Π˜SUT Π˜SUT = ΠSUT\ {U0}
rU,j distance from Uj to BSj Π˜SDT Π˜SDT = ΠSDT\ {DT0}
rD,m distance from DTm to DRm τBS, τDR
SIR thresholds at BSs
τdis mode selection threshold and D2D receivers
ξ D2D link length parameter τ˜BS τ˜BS = τBSNC
α, δ path loss exponent, δ = 2
α
τ˜DR τ˜DR =
τDR
NC
hY,X Rayleigh fading from X to Y ηoverload overloading factor
hY,X,m hY,X at the mth OFDMA tone ηASE ASE gain
K number of OFDMA tones ηˆASE ASE gain when τBS = τDR
M codebook size qU cellular access probability
NC
number of non-zero elements qD D2D activated probability
in SCMA codewords
qOU , q
S
U
access probabilities of
yOBS0 , y
S
BS0
received signals at BS0 cellular users using
using OFDMA and SCMA OFDMA and SCMA
Proof: See Appendix A-I in [22].
According to [23], the probability mass function (PMF) of NU can be obtained as P {NU = m} =
bbΓ(m+b)
Γ(b)Γ(m+1)
(E[NU])
m
(b+E[NU])
m+b , where b = 3.575, Γ (·) is the standard gamma function and E [NU] = λUTλBS
is the average number of cellular users connected to one BS.
We substitute NR with K and J , respectively, in Lemma 1 to obtain the access probabilities
qOU and qSU when OFDMA and SCMA are used. Then, the densities of active cellular users using
the same OFDMA tone and the same SCMA codebook are q
O
U
λUT
K
and q
S
U
λUT
J
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Next, we analyze the ASE of the underlaid scenario when OFDMA is applied. According to
the definitions of ASE in Section II-D, the coverage probabilities CPOUBS = P
{
SIROUBS0 > τBS
}
and CPOUDR = P
{
SIROUDR0 > τDR
}
should be calculated in order to derive ASE. Based on (2), the
SIR at BS0 using OFDMA in the underlaid mode can be expressed as
SIROUBS0 =
PUr
−α
U,0 ‖hBS0,U0‖2
IOC,C + I
O
C,D
, (10)
where IOC,C =
∑
Ui∈Π˜OUT
PU ‖hBS0,Ui‖2 ‖Ui − BS0‖−α is the inter-cell interference from active cel-
lular users using the same OFDMA tone with U0 outside the coverage of BS0 and IOC,D =∑
DTj∈ΠODT
PD
∥∥hBS0,DTj∥∥2 ‖DTj − BS0‖−α is the interference from active D2D transmitters using
the same OFDMA tone with U0 .
Similarly, according to (3), the SIR at DR0 using OFDMA in the underlaid mode is given by
SIROUDR0 =
PDr
−α
D,0 ‖hDR0,DT0‖2
IOD,D + I
O
D,C
, (11)
where IOD,D =
∑
DTj∈Π˜ODT
PD‖hDR0,DTj‖2
‖DTj−DR0‖
α is the interference from other D2D transmitters over the
same OFDMA tone with DR0 and IOD,C =
∑
Ui∈ΠOUT
PU‖hDR0,Ui‖2
‖Ui−DR0‖
α is the interference from active
cellular users over the same OFDMA tone with DR0.
Based on (10) and (11), we derive ASE using the following proposition.
Proposition 1. Considering that OFDMA is used in D2D underlaid cellular networks, the ASE
of cellular network is given by AOUC = qOUλUTCPOUBS log (1 + τBS), where
CPOUBS =
λBS
λBS +
2qO
U
λUTτBS
K(α−2)
HyF1 +
2piλDT(τBSηP)
δ
Kα sin( 2piα )
. (12)
In (12), HyF1 = 2F1 (1, 1− δ, 2− δ,−τBS), where 2F1 (·, ·, ·, ·) denotes the hypergeometric
function, ηP = PDPU and δ = 2α . The D2D network ASE is given by AOUD = λDTCPOUDRlog (1 + τDR),
where
CPOUDR = piξρ
−1
O
(
1− e−ρOτ2dis
)
. (13)
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In (13), ρO = piξ + 2pi
2τδ
DR(λDT+qOUλUTη
−δ
P )
Kα sin( 2piα )
.
Proof: See Appendix A.
Note that it is easy to obtain λUT = λU + λDe−ξpiτ
2
dis and λDT = λD
(
1− e−ξpiτ2dis
)
according
to the mode selection rule introduced in Section II. We notice from Proposition 1 that the ASE
achieved by cellular networks increases with the intensity of active cellular users, i.e., qOUλUT.
However, given the number of OFDMA tones and intensity of BSs, qOUλUT cannot be further
improved when λUT is sufficiently large. Consequently, cellular network ASE is limited. In order
to increase cellular network ASE, it is intuitive to increase the intensity of active cellular users,
which can be accomplished using SCMA.
According to (5), when SCMA is applied, the SIR at BS0 in the underlaid scenario can be
expressed as
SIRSUBS0 =
NC∑
m=1
P †Ur
−α
U,0 ‖hBS0,U0,m‖2
ISC,C + I
S
C,D
, (14)
where ISC,C =
∑
Ui∈Π˜SUT
NC∑
m=1
P
†
U‖hBS0,Ui,m‖2
‖Ui−BS0‖
α and ISC,D =
∑
DTj∈ΠSDT
NC∑
m=1
P
†
D‖hBS0,DTj ,m‖2
‖DTj−BS0‖
α .
Likewise, based on (6), the SIR at DR0 is given by
SIRSUDR0 =
NC∑
m=1
P †Dr
−α
D,0 ‖hDR0,DT0,m‖2
ISD,D + I
S
D,C
, (15)
where ISD,D =
∑
DTj∈Π˜SDT
NC∑
m=1
P
†
D‖hDR0,DTj ,m‖2
‖DTi−DR0‖
α and ISD,C =
∑
Ui∈ΠSUT
NC∑
m=1
P
†
U‖hDR0,Ui,m‖2
‖Ui−DR0‖
α .
In order to derive ASE, we should first calculate the coverage probabilities at BS0 and DR0.
Note from (14) and (15) that the SCMA codeword is spread over more than one OFDMA tone,
which brings about difficulty to obtain the exact results of coverage probabilities in explicit form.
Accordingly, the methods utilized in [22] cannot be applied. Targeting at providing design insights
through the results, we use approximations to derive the closed-form expressions of CPSUBS =
P
{
SIRSUBS0 > τBS
}
and CPSUBS = P
{
SIRSUDR0 > τDR
}
according to the following proposition.
Proposition 2. Considering that SCMA is used in D2D underlaid cellular networks, the ASE
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achieved by cellular network is given by ASUC = qSUλUTCPSUBSlog (1 + τBS), where CPSUBS is
approximated as
CPSUBS ≈
λBS
λBS +
qS
U
λUT
J
HyF2 +
2piλDT(τ˜BSηP)
δ
Jα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
) . (16)
In (16), HyF2 = 2F1 (NC,−δ, 1 − δ,−τ˜BS) − 1 and τ˜BS = τBSNC . The ASE achieved by D2D
network is given by ASUD = λDTCPSUDRlog (1 + τDR), where CPSUDR is approximated as
CPSUDR ≈ piξρ−1S
(
1− e−ρSτ2dis
)
. (17)
In (17), ρS = piξ + 2pi
2τ˜δ
DR(λDT+qSUλUTη
−δ
P )
Jα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
and τ˜DR = τDRNC .
Proof: See Appendix B.
In Appendix B, we have used WBS0,U0 ∼ exp
(
N−1C
)
to approximate GBS0,U0 ∼ Gamma (NC, 1)
for analytical tractability3. WBS0,U0 and GBS0,U0 have the same first moment. Meanwhile, it can
be readily shown that higher moments of WBS0,U0 and GBS0,U0 are close especially when NC is
small. Note that the typical value of NC equals 2. Besides, the power loss caused by the small-
scale fading is much smaller than that caused by pathloss. Therefore, using such approximation
will not exert much influence on the accuracy of the coverage probability analysis provided in
Proposition 2, which will be shown in Section V.
Comparing the results given by Proposition 1 and Proposition 2, we derive the ASE gain of
SCMA over OFDMA as
ηASE =
ASUC +ASUD
AOUC +AOUD
. (18)
By definition, if the same SIR thresholds are applied by cellular users and D2D users, i.e.,
τBS = τDR, the ASE gain is equivalent to
ηˆASE =
qSUλUTCP
SU
BS + λDTCP
SU
DR
qOUλUTCP
OU
BS + λDTCP
OU
DR
, (19)
3Note that the subscripts of W and G have the same meaning as that for h.
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where the numerator denotes the intensity of users that are successfully admitted using SCMA
and the denominator denotes the intensity of users that are successfully admitted using OFDMA.
Therefore, we could compare ηˆASE with ηoverload defined in (4) to examine whether overloading
gain can be achieved when codebook reuse is enabled, which will be shown in Section V.
B. Optimizing Activated Probability of D2D Users
In this part, we enable D2D users to use an activated probability to contend for available
resources. In particular, at the beginning of each time slot, each D2D transmitter randomly and
independently tosses a coin to determine whether to keep active during this time slot. Then, the
activated D2D transmitters use SCMA for data transmission. Given that the activated probability
of each D2D transmitters is qD, the set of active D2D transmitters is a thinned PPP with
intensity qDλDT. Hence, qD is a tunable parameter to control cross-tier interference from D2D
network to cellular network. Specifically, a large qD would enhance D2D network performance by
activating more D2D transmissions, but result in overwhelming cross-tier interference to cellular
transmissions, and vice versa. Meanwhile, D2D transmissions are fully under control of BSs.
Specifically, BSs decide how many D2D users are active through tuning the activated probability.
After the activated probability is set, this scheme can be independently performed by D2D users
without channel estimation and channel information interaction. Therefore, this scheme serves as
a simple but effective semi-centralized interference management method. Although suboptimal
compared to conventional centralized scheme, it can provide a performance lower bound to these
sophisticated schemes.
In the following, we intend to balance the tradeoff by optimizing qD based on a proportional
fairness utility function. To this end, we first quantify the effect of qD on the hybrid system
performance according to the following corollary.
Corollary 1. Considering that D2D transmitters are activated with probability qD in the under-
laid scenario, the ASE of cellular network using SCMA is given by AˆSUC = qSUλUTCˆP
SU
BSlog (1 + τBS),
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where CˆP
SU
BS is approximated as
CˆP
SU
BS ≈
λBS
λBS +
qS
U
λUT
J
HyF2 +
2piqDλDT(τ˜BSηP)
δ
Jα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
) . (20)
The ASE of D2D network is given by AˆSUD = qDλDTCˆP
SU
DRlog (1 + τDR), where CˆP
SU
DR is approx-
imated as
CˆP
SU
DR ≈
piξ
ρ†S
(
1− e−ρ†Sτ2dis
)
. (21)
In (21), ρ†S = piξ +
2pi2τ˜δ
DR(qDλDT+qSUλUTη
−δ
P )
Jα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
.
Proof: The proof is similar to that in Appendix B and thus is omitted due to space
limitation.
We then search for the optimal activated probability q∗D according to the following objective
function
q∗D = argmax
qD
uU
(
AˆSUC , AˆSUD
)
, (22)
where qD ∈ [0, 1] and uU
(
AˆSUC , AˆSUD
)
is a utility function that is in different forms according to
different design targets. In our work, we define the utility function based on the most commonly
used proportional fairness, i.e.,
uU
(
AˆSUC , AˆSUD
)
= log AˆSUC + log AˆSUD , (23)
where AˆSUC and AˆSUD are given by Corollary 1. According to Corollary 1, it is observed that
qD has a complicated influence on AˆSUC and AˆSUD . Although q∗D can be numerically obtained, a
closed-form solution is unobtainable. In the following, we consider two special cases such that
the approximate q∗D can be derived in closed-form.
We first consider ρ†Sτ 2dis in Corollary 1 satisfies ρ
†
Sτ
2
dis → 0. This corresponds to the case, where
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ξ is small4, the intensities of cellular users and D2D transmitters are small and mode selection
threshold is small. Under this condition, we give the approximate q∗D in the following theorem.
Theorem 1. In SCMA enhanced D2D underlaid cellular network, when ρ†Sτ 2dis → 0, the optimal
activated probability that maximizes the proportional fairness utility function is q∗D = 1.
Proof: According to Corollary 1, when ρ†Sτ 2dis → 0, the coverage probability at the typical
D2D receiver using SCMA is approximated as CˆPSUDR = piξτ 2dis, which is due to the first order
Taylor expansion of e−ρ†Sτ2dis . Therefore, the objective function defined in (22) turns into
q∗D = argmax
qD
log
[
qSUλUλBSλDTpiξτ
2
disqD
Q1 +Q2qD
log (1 + τBS) log (1 + τDR)
]
,
where we denote Q1 = λBS + q
S
U
λUT
J
HyF2 and Q2 = 2piλDT(τ˜BSηP)
δ
Jα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
for notation
simplicity. As log (·) is a monotonically increasing function, q∗D can be obtained by searching
for the optimal qD to maximize u¯U (qD) = qDQ1+Q2qD . It is easy to prove that ∇u¯U (qD) > 0
and ∇2u¯U (qD) < 0 when qD ∈ [0, 1], where ∇u¯U (qD) and ∇2u¯U (qD) denote the first and
second derivatives of u¯U, respectively. Therefore, u¯U (qD) is a concave function and an increasing
function of qD. As qD ∈ [0, 1], the optimal qD to maximize u¯U (qD) equals 1.
It can be seen from Theorem 1 that when ρ†Sτ 2dis → 0, all the D2D transmitters should contend
for available resources such that the proportional fairness utility function can be maximized.
This coincides with the intuition. In particular, when cellular users and D2D users are sparsely
distributed, spectrum resources cannot be fully exploited. Therefore, enabling full access of D2D
users can boost the spectrum utilization of D2D network without significantly degenerating the
performance of cellular network.
Next, we consider τdis → ∞. In this case, all the D2D users select D2D mode for data
transmission. The optimal qD to maximize (22) is given by the following theorem.
Theorem 2. In SCMA enhanced D2D underlaid cellular network, when τdis →∞, the optimal
4According to (1), E [rD,k] = 12√ξ such that E [rD,k] scales inversely with
√
ξ. For instance, when ξ = 5× 10−5, E [rD,k] ≈
70.7 m. Therefore, the value of ξ is usually small due to the proximity nature of D2D transmissions.
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activated probability to maximize (22) is given by
q∗D =


√
Q1Q4
Q2Q3
, if Q1Q4 < Q2Q3,
1, if Q1Q4 ≥ Q2Q3,
(24)
where Q3 =
2piτ˜δ
DR
λDT
Jα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
and Q4 = ξ + 2piτ˜
δ
DR
qS
U
λUTη
−δ
P
Jα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
.
Proof: When τdis → ∞, all the D2D users select D2D mode, i.e., P (rD,k ≤ τdis) = 1.
According to Corollary 1, D2D network ASE degenerates into AˆSUD = λDTξQ3+Q4q−1D log (1 + τDR)
and cellular network ASE is given by AˆSUC = q
S
U
λUTλBS
Q1+Q2qD
log (1 + τBS). Since log (·) is a mono-
tonically increasing function, the original optimization problem (22) can be converted into
q∗D = argmin
qD
u˜U (qD), where u˜U (qD) = (Q1 +Q2qD)
(
Q3 +Q4q
−1
D
)
. We obtain the second
derivative of u˜U (qD) as ∇2u˜U (qD) = 2Q1Q4q3
D
. Since Q1 > 0 and Q4 > 0, it is obvious that
∇2u˜U (qD) > 0 when qD ∈ [0, 1]. According to [24], u˜U (qD) is a convex function of qD.
Consequently, the results in (24) can be obtained by solving ∇u˜U (qD) = 0.
It is worth noting from Theorem 2 that q∗D is an increasing function of the number of available
codebooks J . We intuitively explain the reason as follows. As earlier discussed, qD is a parameter
that can balance the cross-tier interference from D2D transmissions to cellular transmissions.
According to Corollary 1, increasing qD will improve the D2D network ASE. However, more
cross-tier interference will be introduced, resulting in the decrease of cellular network ASE.
Therefore, the proportional fairness utility function defined in (23) cannot be maximized by
excessively increasing qD when the interference from D2D network is overwhelming. Given small
J , the number of D2D users that reuse one codebook with cellular users is large. Consequently,
qD has be kept small in order to mitigate the cross-tier interference, thereby maximizing (23).
In contrast, when J is large, the interference becomes “sparse” over one codebook such that qD
can be moderately increased to maximize (23).
IV. D2D OVERLAID CELLULAR NETWORK
In this section, we consider the D2D overlaid cellular network, where JC and JD SCMA
codebooks are allocated to cellular users and D2D users, respectively. Different from underlaid
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mode, no cross-tier interference exists between cellular users and D2D users in the overlaid
mode. Therefore, codebook allocation becomes more dominant in affecting the hybrid system
performance. Here, we intend to find the optimal codebook allocation rule based on a given
utility function
J∗C = argmax
JC
uO
(ASOC ,ASOD ) , (25)
where ASOC and ASOD are the ASEs of cellular network and D2D network, respectively, and
uO
(ASOC ,ASOD ) = logASOC + logASOD . (26)
Note that optimizing JC is equivalent to optimizing JD in (25), since J = JC + JD. In order
to achieve the optimization goal, we first determine ASOC and ASOD according to the following
corollary.
Corollary 2. Considering that SCMA is used in D2D overlaid cellular network, the ASE achieved
by cellular network is given by ASOC = qˆSUλUTCPSOBS log (1 + τBS), where CPSOBS is approximated
as
CPSOBS ≈
λBS
λBS +
qˆS
U
λUT
JC
HyF2
. (27)
In (27), qˆSU is calculated by substituting NR with JC in (9). The ASE achieved by D2D network
is given by ASOD = λDTCPSODRlog (1 + τDR), where CPSODR is approximated as
CPSODR ≈
piξ
ρO
(
1− e−ρOτ2dis
)
. (28)
In (28), ρO = piξ + 2pi
2τ˜δ
DR
qDλDT
JDα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
.
Proof: We describe the sketch of the proof. When codebooks are partially allocated to cellu-
lar users and D2D users, respectively, no cross-tier interference exists between them. Therefore,
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the SIR at BS0 is given by
SIRSUBS0 =
NC∑
m=1
P †Ur
−α
U,0 ‖hBS0,U0,m‖2
I˜SC,C
,
where I˜SC,C is the inter-cell interference from active cellular users outside the coverage of BS0.
Note that I˜SC,C is different from ISC,C in (14), as only JC codebooks are allocated to cellular users.
Using similar approach as (38) in Appendix B, the coverage probability in (27) can be obtained
and hence cellular network ASE is derived. Similarly, D2D network ASE can be derived as well.
The detail of the derivation steps is omitted due to space limitation.
According to (9), qˆSU in (27) is a function of JC. Therefore, the influence of codebook allocation
in the overlaid scenario also has complicated impact on the ASE. In consequence, it is hard to
obtain the closed-form expression for J∗C. Next, we consider the case, where cellular users
are densely deployed such that λUT ≫ JCλBS. Note that it is well accepted that the dense
scenario is a common scenario in future wireless networks. Under this condition, a proportion
of cellular users would be inactivated due to the unavailability of SCMA codebooks even if all
the codebooks are allocated to cellular network. In this case, the density of active cellular users
is JCλBS. Replacing qˆSUλU with JCλBS in Corollary 2, cellular network ASE degenerates into
A˜SOC =
JCλBSlog (1 + τBS)
HyF2 + 1
. (29)
Besides, if D2D users select cellular mode for data transmission, they will be blocked with a
higher probability due to the dense deployment of cellular users. Therefore, we enable all the
D2D users to select D2D mode by setting τdis →∞. In this case, J∗C can be derived according
to the following theorem.
Theorem 3. We consider an SCMA enhanced D2D overlaid cellular network, where cellular
users are densely deployed. When τdis → ∞, the optimal JC that maximizes the proportional
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fairness utility function defined in (26) is given by
J∗C = round
(
J +Q6 −
√
Q26 + JQ6
)
, (30)
where Q6 =
2piτ˜δ
DR
λDT
ξα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
and round (·) denotes the round operation.
Proof: According to Corollary 2, when τdis →∞, CPSODR in (28) degenerates into
CPSODR =
ξ
ξ +
2piτ˜δ
DR
qDλDT
JDα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
) . (31)
Based on (29) and (31), the utility function in (26) turns into
uO
(
A˜SOC , A˜SOD
)
= log A˜SOC + log A˜SOD , (32)
where A˜SOC = JCQ5 and A˜SOD = λDTlog(1+τDR)1+ Q6
J−JC
. For notation simplicity, we denote Q5 =
λBSlog(1+τBS)
HyF2+1
and Q6 = 2piτ˜
δ
DR
λDT
ξα sin( 2piα )
NC∏
n=2
(
2
(n−1)α
+ 1
)
. Accordingly, we rewrite (32) as
uO
(
A˜SOC , A˜SOD
)
= log
(
Q5λDTlog (1 + τDR) JC
1 + Q6
J−JC
)
. (33)
In (33), Q5λDTlog (1 + τDR) > 0 and log (·) is a monotonically increasing function. Therefore,
maximizing (33) is equivalently to maximizing u˜O (JC) = JC
1+
Q6
J−JC
. We then calculate the second
derivative of u˜O (JC) as ∇2u˜O (JC) = − 2Q6(J+Q6)(
1+
Q6
J−JC
)3
(J−JC)
3
. It is easy to check that ∇2u˜O (JC) < 0
when JC ∈ [0, J ]. Hence, u˜O (JC) is concave function of JC. The optimal JC to maximize u˜O (JC)
can be derived by solving ∇u˜O (JC) = 0.
Note from (30) in Theorem 3 that the optimal JC that maximizes the proportional fairness
utility function is a function of parameters of D2D network rather than those of cellular network.
This is due to the assumption that cellular users are densely deployed. According to (30), cellular
network ASE A˜SOC increases linearly with JC. In other words, once one more codebook is
provided, the codebook can be fully utilized by the ultra-densely deployed cellular users, thereby
linearly improving A˜SOC . Therefore, cellular network parameters will not affect the optimal JC
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Figure 3. ASE - CDMA, OFDMA and SCMA in the underlaid mode. System parameters are set as ξ = 5 × 10−5 and
λBS = 5× 10−5 BSs/m2. In (a), λDT = 2.5 × 10−4 users/m2. In (b), λU = 1× 10−3 users/m2. We set τdis → ∞ so that
all D2D users select D2D mode for data transmission.
when we target at maximizing the utility function defined based on proportional fairness in (26).
Note that the codebook allocation rule, which is studied in this section, is a non-real-time
method, since we have used the tools of stochastic geometry to evaluate the average system
performance. Therefore, designing a real-time method is out of the scope of this paper.
V. NUMERICAL RESULTS
Numerical results and Monte Carlo simulation results have been provided in this section
to demonstrate the performance of the SCMA enhanced D2D and cellular hybrid network.
Default system parameters are set as K = 20, NC = 2, α = 4, τBS = τDR = 10 dB,
PU = 20 dBmW and PD = 20 dBmW. Note that although we consider that K = 20 OFDMA
tones are available, it is practically infeasible to design C220 codebooks due to the limitation of
number of available constellations. Nonetheless, it is practical to design 6 codebooks out of 4
OFDMA tones according to the mapping shown in Fig. 2. Therefore, J = 30 codebooks are
available in simulations. Note that numerical results and simulation results are drawn by lines
and markers, respectively, in the following figures.
Fig. 3 shows the cellular network ASE, D2D network ASE and system ASE when code
division multiple access (CDMA), OFDMA and SCMA are applied, respectively, as a function
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of the intensity of cellular users and intensity of D2D users. Note that the ASE analysis of
the CDMA system is based on the results in [25]. It is obvious from Fig. 3a (Fig. 3b) that
cellular (D2D) network ASE first increases and then keeps stable as the intensity of cellular
(D2D) users increases. We take the case in Fig. 3a for example. Given small λU, more cellular
users can be served when λU increases. Therefore, spectrum resources can be better exploited
by admitting more cellular users into the system. When λU is sufficiently large, limited number
of cellular users can be served due to the association rule such that cellular network ASE hardly
increases. In this case, SCMA significantly outperforms OFDMA due to the overloading gain
harvested by SCMA, i.e., more orthogonal resources (codebooks) can be provided by SCMA
compared to OFDMA. Therefore, more cellular users can be kept active. Besides, we see that
the performance of the CDMA network is worse than that of the OFDMA network. The reason
can be explained as follows. Using CDMA, interference is averaged out, as CDMA signals are
spread over all the available tones. Nonetheless, the interference becomes overwhelming as the
user density increases. Hence, when cellular users are densely deployed, it is preferable to use
OFDMA, where orthogonal resources are separately allocated to cellular users such that no inter-
user interference exists within one cell. In addition, it is observed that little gaps exist between
numerical results and simulation results when SCMA is applied. As discussed in Section III-A,
we use an exponentially distributed random variable to approximate the small scale fading, which
is Gamma distributed. The approximation can provide high accuracy, as we select NC = 2, which
is the typical SCMA setting.
It is shown from Fig. 3a and Fig. 3b that the asymptotic system ASE gains of SCMA over
OFDMA can reach A
SU
C
+ASU
D
AOU
C
+AOU
D
λU→∞−→ 138.74% and ASUC +ASUD
AOU
C
+AOU
D
λD→∞−→ 140.12%, respectively, under
the given system parameters. From the above results, we conclude that SCMA can serve as
an efficient multiple access scheme in the D2D hybrid cellular network to enable massive
connectivity.
Fig. 4 shows the ASE as a function of the mode selection threshold τdis in the underlaid mode
and overlaid mode. When τdis = 0 m, all the D2D users select cellular mode. In consequence,
better ASE performance can be achieved by the underlaid mode. This is obvious since more
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Figure 4. The impact of mode selection on ASE performance in the underlaid mode and overlaid mode. System parameters
are set as ξ = 5× 10−5, λBS = 5× 10−5 BSs/m2, λU = 5× 10−4 users/m2 and λD = 2.5× 10−4 users/m2. In the overlaid
mode, JC = 10 and JD = 20.
codebooks are available in the underlaid mode. When τdis increases, more D2D users select D2D
mode for data transmission. Therefore, it is clear from Fig. 4 that D2D network ASE increases
with τdis. In contrast, cellular network ASE decreases with τdis in both coexisting modes, since
the available resources cannot be fully exploited when the number of cellular users decreases.
Besides, as the number of active D2D transmitters increases with τdis, the cross-tier interference
from D2D network to cellular network becomes overwhelming with the increasing τdis in the
underlaid mode. Therefore, cellular network ASE is degraded faster in the underlaid mode. As a
result, the overlaid mode outperforms the underlaid mode in terms of system ASE performance
when τdis is large under this system setting.
Fig. 5 compares the ASE gain ηˆASE defined in (19) and overloading factor ηoverload defined in
(4) as a function of the number of available OFDMA tones in the system. In order to make a
direct and comprehensive comparison, we simulate the heavily loaded cellular network, where
only cellular users exist with λU ≫ JλBS at each K and no D2D users are activated. It should
be noted that we have assumed CNCK codebooks can be designed for the comparison. It can be
seen that, although ASE gain is always smaller than the overloading factor, the overloading gain
can be almost achieved even when codebook reuse is enabled. The reduction of overloading
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Figure 6. The impact of D2D activated probability in D2D underlaid cellular network. System parameters are set as λBS =
5× 10−5 BSs/m2, λU = 1× 10−3 users/m2 and λD = 2.5× 10−3 users/m2.
gain primarily stems from the inter-cluster interference, which is caused by codebook reuse in
different cells. In addition, it is shown that the ASE gain increases linearly with K, which is
optimistic. Nevertheless, the result is based on the assumption that the number of codebooks
increases with the number of OFDMA tones as J = CNCK . This is achieved by searching for K−1
constellations at each K according to [13], [14]. Unfortunately, the number of constellations is
limited due to practical concerns. Consequently, the performance improvement of SCMA over
OFDMA is thus limited.
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Figure 7. Codebook allocation in D2D overlaid cellular network. System parameters are set as λBS = 5 × 10−5 BSs/m2,
λU = 1× 10−3 users/m2 and λD = 2.5× 10−3 users/m2. In (b), we set τdis →∞ such that all D2D users select D2D mode
for data transmission.
We next explore the impact of D2D activated probability qD on the performance of underlaid
system in Fig. 6. Fig. 6a shows the cellular network ASE, D2D network ASE and system
ASE as a function of qD. The tradeoff between cellular network ASE and D2D network ASE
caused by qD is clearly presented in Fig. 6a, namely, cellular network ASE and D2D network
ASE, respectively, decreases and increases with the increasing qD. Fig. 6b shows the utility
function defined in (23) as a function of qD. Particularly, when τdis → ∞, the utility function
is an increasing function of qD such that the optimal qD equals 1, as indicated by Theorem 1.
Otherwise, when τdis is small, it is shown that q∗D increases with ξ. This is because a larger ξ
will lead to a smaller average D2D link length. Therefore, increasing ξ would improve AˆSUD ,
thereby increasing the proportional fairness utility function.
We finally investigate the performance of the D2D overlaid cellular network when different
codebook allocation schemes are applied in Fig. 7. Fig. 7a shows the cellular network ASE, D2D
network ASE and system ASE as a function of the number of codebooks allocated to cellular
network. It is shown that allocating more codebooks to cellular (D2D) network would enhance
the ASE of the corresponding network. This is due to the resource allocation rule introduced
in Section II-C. In particular, each cellular (D2D) user is randomly assigned with one of the
available codebooks. If more codebooks are allocated, one codebook will be reused by less users,
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thereby resulting in less interference over one codebook. Meanwhile, Fig. 7b shows the utility
function defined in (26) as a function of the number of codebooks allocated to cellular users
J∗C. It is shown from the comparison between numerical results and simulation results that J∗C
obtained in Theorem 3 is of high accuracy.
VI. CONCLUSION
In this paper, we have presented a stochastic geometry based framework to investigate the
performance of SCMA in D2D and cellular hybrid network, considering underlaid mode and
overlaid mode. In the underlaid mode, we analytically compared SCMA with OFDMA from the
perspective of ASE and quantified the ASE gain of SCMA over OFDMA in closed form. Though
approximations are used, it has been shown that high accuracy can be provided. More importantly,
we concluded via the comparison results that SCMA is capable of supporting massive D2D
connections, as well as significantly enhancing system ASE especially in the heavily loaded
network. Therefore, SCMA can be considered as a candidate of effective multiple access schemes
in future 5G wireless networks. In addition, spectrum sharing in the two coexisting modes has
been studied. Specifically, the optimal D2D activated probability has been derived in the underlaid
mode and the optimal codebook allocation rule has been obtained in the overlaid mode. In both
cases, the optimization targets are to maximize the proportional fairness utility function. The
results can serve as a guide to help tune system design parameters in SCMA enhanced D2D and
cellular hybrid network.
APPENDIX
A. Proof for Proposition 1
According to (10), we have
CPOUBS = P
{
PUr
−α
U,0 ‖hBS0,U0‖2
IOC,C + I
O
C,D
> τBS
}
= P
{
‖hBS0,U0‖2 >
τBSr
α
U,0
PU
(
IOC,C + I
O
C,D
)}
(a)
= LIO
C,C
(
sOBS
)LIO
C,D
(
sOBS
)
, (34)
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where (a) follows due to ‖hBS0,U0‖2 ∼ exp (1). LIO
C,C
(
sOBS
)
and LIO
C,D
(
sOBS
)
, respectively, denote
the Laplace transforms of IOC,C and IOC,D evaluated at sOBS =
τBSr
α
U,0
PU
. We evaluate LIO
C,C
(
sOBS
)
as
LIO
C,C
(
sOBS
) (a)
= E

 ∏
Ui∈Π˜OUT
1
1 + sOBSPU ‖Ui − BS0‖−α


(b)
= exp
[
−2piq
O
UλUT
K
∫ ∞
rU,0
l
(
1− 1
1 + sOBSPUl
−α
)
dl
]
= exp
[
−2piq
O
UλUTs
O
BSPU
K (α− 2) rα−2U,0 2
F1
(
1, 1− δ, 2 − δ,−r−αU,0sOBSPU
)]
, (35)
where (a) follows due to ‖hBS0,Ui‖2 ∼ exp (1) and (b) follows due to the probability gener-
ating functional (PGFL) of PPP and cellular association rule that U0 connects to the nearest
BS so that interfering cellular users are at least r0 away. Therefore, LIO
C,C
(
τBSr
α
U,0
PU
)
can be
obtained by substituting sOBS =
τBSr
α
U,0
PU
into (35). Following similar approach, it is easy to derive
LIO
C,D
(
τBSr
α
U,0
PU
)
= exp
[
−2pi
2λDT
(
τBSPD
PU
)δ
r2
U,0
Kα sin( 2piα )
]
.
Due to the association rule of cellular users, the CDF of rU,0 can be obtained according to
the contact distribution [19], i.e., FrU,0 (x) = 1 − exp (−piλBSx2) (x ≥ 0). Thus, the PDF of
rU,0 can be accordingly obtained as frU,0 (x) = 2piλBSx exp (−piλBSx2) (x ≥ 0). Combining
LIO
C,C
(
τBSr
α
U,0
PU
)
and LIO
C,D
(
τBSr
α
U,0
PU
)
and taking the expectation of rU,0, we derive the coverage
probability at the typical cellular BS. Using similar approach, we have
CPOUDR = exp
[
− 2pi
2τ δDRr
2
D,0
Kα sin
(
2pi
α
)
(
λDT + q
O
UλUT
(
PU
PD
)δ)]
. (36)
By taking the expectation of rD,0 in (36) according to the PDF given in (1), we derive the
coverage probability at the typical D2D receiver. Note that rD,0 ∈ [0, τdis], since mode selection
is applied by D2D transmitters.
B. Proof for Proposition 2
We denote
NC∑
m=1
‖hBS0,U0,m‖2 by GBS0,U0 . Since ‖hBS0,U0,m‖2 ∼ exp (1), GBS0,U0 follows
Gamma distribution, i.e., GBS0,U0 ∼ Gamma (NC, 1), which makes it difficult to derive the
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explicit-form result of CPSUBS. In order to provide analytical tractability, we use a random variable
WBS0,U0 with mean NC, i.e., WBS0,U0 ∼ exp
(
N−1C
)
to approximate GBS0,U0 . Note that GBS0,U0
and WBS0,U0 have the same first moment. Therefore, we have the approximation
CPSUBS ≈ P
{
P †Ur
−α
U,0WBS0,U0
ISC,C + I
S
C,D
> τBS
}
= LIS
C,C
(
sSBS
)LIS
C,D
(
sSBS
)
, (37)
where LIS
C,C
(
sSBS
)
and LIS
C,D
(
sSBS
)
, respectively, denote the Laplace transforms of ISC,C and ISC,D
evaluated at sSBS =
τBSr
α
U,0
NCP
†
U
. We denote
NC∑
m=1
‖hBS0,Ui,m‖2 as GBS0,Ui and calculate LIS
C,C
(
sSBS
)
as
LIS
C,C
(
sSBS
)
= E

exp

− ∑
Ui∈Π˜SUT
sSBSP
†
UGBS0,Ui ‖Ui − BS0‖−α




(a)
= E

 ∏
Ui∈Π˜SUT
1(
1 + sSBSP
†
U ‖Ui − BS0‖−α
)NC


= exp

−2piqSUλUT
J
∫ ∞
rU,0
l

1− 1(
1 + sSBSP
†
Ul
−α
)NC

 dl


= exp
[
−piq
S
UλUT
r−2U,0J
(
2F1
(
NC,−δ, 1− δ,−r−αU,0sSBSP †U
)
− 1
)]
, (38)
where (a) is due to the PGFL of PPP. Likewise, we calculate LIS
C,D
(
sSBS
)
as
LIS
C,D
(
sSBS
)
= E

exp

− ∑
DTj∈ΠSDT
sSBSP
†
DGBS0,DTi ‖DTj − BS0‖−α




= E

 ∏
DTj∈ΠSDT
1(
1 + sSBSP
†
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)NC
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(a)
= exp
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−2piλDT
J
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l

1− 1(
1 + sSBSP
†
Dl
−α
)NC

 dl


= exp

−2pi2λDT
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sSBSP
†
D
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Jα sin
(
2pi
α
) NC∏
n=2
(
2
(n− 1)α + 1
) , (39)
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where (a) follows because all D2D transmitters are active.
Substituting sSBS =
τBSr
α
U,0
NCP
†
U
into (38) and (39), we have
LIS
C,C
(
τBSr
α
U,0
NCP
†
U
)
= exp
[
−piq
S
UλUT
J
r2U,0
(
2F1
(
NC,−δ, 1− δ,−τBS
NC
)
− 1
)]
. (40)
LIS
C,D
(
τBSr
α
U,0
NCP
†
U
)
= exp

−2pi
2λDT
(
τBSP
†
D
NCP
†
U
)δ
r2U,0
Jα sin
(
2pi
α
) NC∏
n=2
(
2
(n− 1)α + 1
) . (41)
The PDF of rU,0 can be obtained in Appendix A. Therefore, we derive the approximate
coverage probability at the typical BS by combining the results of (40) and (41) into (37) and
taking the expectation of rU,0.
Using similar approach, we approximate the coverage probability at the typical D2D receiver
and then complete the proof. The detail of derivation steps is omitted due to space limitation.
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